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Highlights

* Modification to methyl hydroxyethyl cellulose prazhd a novel carbohydrate
(MHCS).

* Modified glucan (MHCS) exhibited consistent biolcgi activities.

* MHCS induced strong respiratory burst in leucocytéglout impacting viability.

* MHCS induce the expression of inflammation-relagedes in carp immune cells.

* MHCS enhanced the effect of Poly I:C on carp leytex

Abstract

The rapid emergence of drug resistance, unfavoarrabmunosuppression and mounting
evidence to suggest the deleterious accumulatiairugf breakdown residues within animal
tissues has driven a strong desire to move away fiftese current methods of disease
control. Some natural products suchpaglucan, which are extracted from, for example,
plants and fungi, are able to modulate the immustesn and increase protection against
diseases. However, these products are heterogeaedutheir effects can be variable thus
limiting their applicability and reliability. Carlltyydrates were modified via chemical
sulphation and these semi-synthetic, sulphated obgdrates analysed for their
immunological activity utilising carp pronephricliseand a carp leucocyte cell line (CLC). A
sulphatedp(1,4)-glucan, methyl hydroxyethyl cellulose sulghdMHCS), demonstrated a
stimulatory effect on fish immune cells. MHCS idd a range of bioactive effects in carp
leucocyte cells whilst not affecting cell viabilitwhen cells were exposed for 24h at
concentrations of 1-150 pgrhl MHCS stimulated the innate immune system where a
significant increase in respiratory burst activitgis observed at concentrations 25-250 [fgml
in comparison to control (sterile water), celluloster, MacroGaftl and zymosan. Also,
under in mock bacterial and viral infection conaliis i.e. Lipopolysaccharide (LPS) and
polyinosinic:polycytidylic acid (Poly(l:C)), MHCS mhanced the immune responses of
pronephric cells by stimulating the respiratory dbuactivity at concentrations 50 and 150
pgmit. MHCS also enhanced the expression of cytokingsding interleukin 1 beta (ILA),
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tumor necrosis factor alpha 1 and 2 (TNE2), interferons alpha 2 (IF&2) and inducible
nitric oxide synthase (iNOS) in carp pronephriclselt is proposed that this new semi-
synthetic carbohydrate is a potential candidatetiier development of a new generation of
immunostimulants and adjuvants for use in vacaimasitrategies in aquaculture.
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1. Introduction

Aquaculture is a rapidly developing sector in adimpeoduction; however infectious
diseases remain a major obstacle to the expansitmsoindustry. The widespread use of
antibiotics and chemotherapeutics has conventipndiéen deployed to ameliorate
undesirable infections. The rapid emergence of druggistance, unfavourable
immunosuppression and mounting evidence to sughgesieleterious accumulation of drug
breakdown residues within animal tissues such agddystin-LR in Yellow PerchRerca
Flavescens(Dyble et al., 2011), has driven a strong desirmove away from these current
methods of disease control, thus alleviating ttassociated negative environmental and
potential health-associated impacts (Anderson, 13@utine vaccination, used to strengthen
the immune system in the fish and protect aganfstiion, has emerged as an effective and
economically viable means of disease control alghoto-date, many infectious diseases of
worldwide importance are not currently preventdijtesaccination programmes.

Recent research has concentrated on the develomieatural disease control strategies,
which bolster the immune system of the fish throudgihe administration of
immunomodulatory compounds (Maudling, 2006). Sustmunomodulators are able to
regulate the immune system through their innatbtylbd stimulate and/or suppress various,
distinct components within the immune system df {{gapata et al., 1997). An example of
an immunomodulatory agent that has found widespraad in aquaculture is the
carbohydrate immunostimularfi(1,3 + 1,6)-glucan. These naturally derived carlavhies
act by enhancing both the innate and adaptive inemaystem. Administration is normally
carried out through injection, although the uséest invasive immersion bath technologies
and/or formulation within fish feeds are the pregdr methods of deployment (Herman,
1970).

Beta-glucan, a polysaccharide composed of repegtiDgglucose monomers linked by
1,3 and 1,6 glycosidic bonds, is obtained fromdikéwall of many microorganisms, cereals,
fungi, seaweed and algae. The most frequent sowmpesbaker's and brewer’'s yeasts
Saccharomyces cerevisifldovak and Vetvicka, 2008, Petréxtominac et al., 2010), which
have been investigated in both laboratory andadirstudies.

Natural B-glucans exhibit a variety of immune-related atid that are dependent on
underlying composition and fine structure, molecuhight, linkage type and branching
pattern; these also dictate the varying solubiitythis class of molecules (Li et al., 2013).
This structural complexity and their inherent batctbatch variability leads to difficulties in
predicting the immunoactivity profile d8-glucans, which are also capable of provoking
undesirable side-effects when such heterogeneouosumomodulants are utilised as feed
supplements or adjuvants. Both the Centre for \fedey Medicine (CVM) and the Food and
Drug Administration (FDA) in the United States haweplemented several requirements,
which must be adhered to for regulatory approvabg@fiaculture feeds and drugs. These
requirements includes general examinations i.e. dbgermination of physicochemical
parameters (e.g. pH), homogeneity, the presencefomdign particles, or microbial
contamination (e.gSalmonella Coliform and Vibrio) and the detection of heavy metal
contaminants (e.g. lead, cadmium and mercury). gpetial examination parameters include
both qualitative and quantitative testing to elatédan in-depth structural analysis of the
products. Therefore, it is desirable that any imamadulatory agent, which is to be
formulated with animal feed, or deployed as a dhag an identifiable structure that can be
reproduced in a facile manner, free from batchdtei variation.

Natural polysaccharides can be augmented by sudphahereby producing physically
and chemically modified polymers to assist the tmweaent of new biomaterials. The
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aforementioned modifications may bestow importdrd@rapeutic and biological activities,
examples being the modulation of coagulation bplsated oag-glucan (Chang et al., 2006),
the antitumor potential of sulphated(1-3)-D-glucan obtained from the fruiting bodiek o
Ganoderma lucidunfZhang et al., 2000) and microbial invasion blogkie.g. HIV with
sulphated curdlans (Yoshida et al., 1995), or satgdhKonjac glucomannarn(Bo et al.,
2013). These bioactive carbohydrates are depengmort the presence of sulphate groups
that play an important role in a variety of regatgtand modulatory processes, combined
with binding and recognition events between spedfirbohydrate structures (negatively
charged sulphated group) and their protein partifessially positively charged peptide
sequences). Binding is affected by the presencsudfble polar groups, the degree of
sulphation, associated cations, molecular weighd #me chain conformation of the
polysaccharides (Toida et al., 2003, Bo et al. 3301

The mechanism of action of sulphated carbohydiatesarp is currently unknown but, it
seems likely that at least in part, it is the resifilthe ability of sulphated carbohydrates to
mimic the endogenous glycosaminoglycan (GAG) palgbarides. The GAGs are naturally
occurring, sulphated carbohydrates that are watlserved through evolution, with GAG
species identified in bacteria, fish, reptiles, limgds, arachnids, insects and mammals (Volpi,
2005). Numerous, distinct roles for the GAG clakpalysaccharides have been elucidated in
recognition, binding, regulation and modulatiomtdny proteins, including those involved in
the hosts immune system (Skidmore et al., 2008,dRetdal., 2010a). Indeed, growing
evidence suggests that the physiological role glaha, a pharmaceutical anticoagulant, is
most likely to be in an immunomodulatory capacitygl anot the antithrombotic capacity for
which it is best known. Previous work by the authbas demonstrated that semi-synthetic,
sulphated carbohydrates can mimic the biologicavities of the glycosaminoglycan (GAG)
class of naturally occurring, sulphated carbohyrdRudd et al., 2010b). This study has pre-
screened an extant library of sulphated carbohgdyaicting as GAG analogues, which have
been shown previously to possess favourable biogctn biological systems known to be
modulated by GAGs (Rudd et al., 2010b, Boyle et 2017, Skidmore et al., 2017). The
constituent sulphated glycans of the library reseucover a wide spread of chemically
diverse sequence-space (including chemically stégoh@-glucans), and this study as
identified a sulphate@(1,4)-glucan, methyl hydroxyethyl cellulose sulgh&HCS), as a
potential candidate for favourable immunomodulaiimaquaculture with future potential as
an adjuvant. Furthermore, the negligible cytotayi@f this carbohydrate-based candidate
has been demonstrated, along with its favourablaunostimulatory potential within the
inflammatory response of relevant fish cells.
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2. Materials and Methods
2.1 Preparation of MacroGard®, zymosan and cellulose ether immunostimulants

Concentrations of MacroGatdBiorigin; a bakers’ yeast extract containing 60%-
1,3$4-1,6 glucan), zymosan (Sigma, Z4250;pd,3 linked glucan) and cellulose ether
(Tylose) (Sigma 93802; a linedk,1,4 linked glucan) were prepared as describeldra-
Jimenez et al. (2013). Owing to the innate insditiks of the parental material appropriate
concentrations of the aforementioned carbohydrate®e made-up in sterile-filtered water
(Sigma, W3500) and sonicated twice for 30 s (Sowibsa-cell, power setting 6). To ensure
sterility, the stock solution was heated to 80°C2@ min prior to incubation at 19 + 1°C.

2.2 Preparation of pathogen associated molecular pattes (PAMPS)

LPS from E.coli 0111:B4 strain (Invitrogen) and Poly(l:C) (a syetib analogue of
dsRNA; Invitrogen), were prepared as per the marufar’s instructions and diluted to the
required concentration with sterile-filtered water.

2.3 Preparation of semi-synthetic sulphated carbohydrat based immunostimulants

Semi-synthetic carbohydrates were sulphated bydified version of the chlorosulfonic
acid (CSA) sulphation protocol as described by Yaeshet al. (1995), which modifies
amenable hydroxyls. Briefly, the powdered precucssbohydrates (0.5 g) were dissolved in
ice-cooled 5 ml dimethylformamide (Sigma), 10 mtigyne (VWR) and 1 ml chlorosulfonic
acid (Sigma). The mixtures were heated to‘@5or 2 h, cooled over ice and slowly
neutralized with sodium hydroxide (50% wi/v; VWR}h&nol precipitations were performed
in saturated sodium acetate (Sigma), overnight &T.4Precipitates were dissolved in
deionized water and dialysed (Mw cut off7 kDa; VWR) for 72 h against HPLC grade
water (VWR). The sulphated carbohydrates were ljigigld and resuspended in sterile
filtered water at appropriate concentrations ptmuse. Confirmation of sulphation and the
degree of sulphation of bioactive saccharides whgeged using sodium rhodizonate, based
on the method described by Terho and Hartiala (193dpplementary data, Figure 1].
Further evidence of precursor modification was iolaté using Attenuated Total Reflection
Fourier Transform Infrared (FTIR-ATR) spectroscdpypplementary data, Figure 2].

2.4 Invitro Carp leucocytes cell line culture.

Carp leucocytes cell lines (CLCs) is a permanefitlice established from peripheral
blood mononuclear cells obtained from a normal, -leakemic, non-virally infected
common carp. CLC morphology characterise with aithefal like shape and exhibiting
functions similar to monocytes and macrophagesudioh adherence to plastic and
phagocytosis of iron particles (Faisal and Ahne9@9 CLC exhibited respiratory burst
activity after stimulation with PhytohaemagglutififHA) and LPS and this was similar to
head kidney macrophages responses (Koumans-vaemetpal., 1994). CLC suitability for
studies on macrophage activation, andnagitro model to study the immune responses of
fish was concluded in both studies by Weyts e{1#97) and Vidal et al. (2009). In addition,
the CLC stimulate leukocyte proliferation by proohgeinterleukin-1like factors (Weyts et
al., 1997). The CLC line were kindly provided byagéningen University, The Netherlands
and were grown at 27°C and 5% £i0 L-glutamine free RPMI (Sigma) modified with 5%

5



189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237

(v/v) foetal bovine serum (Sigma), 2.5% (v/v) hewtetivated pooled carp serum, 50 U/ml
penicillin-G, and 50 mgri streptomycin (Sigma, P4458); this modified meditaferred to
hereafter as CLC RPMI Cultures were split (1:3 v/v) when reaching 80®nftuence;
culture medium was replenished every 3 days. Typatr blue exclusion assay (Howard and
Pesch, 1968, Hauton and Smith, 2004) was usedteyndi@e cell viability and only cell
suspensions with at least 95% viability were usedekperimentation.

2.5 Preparation of pronephric cell suspension

Common carpCyprinus carpio(Fair Fisheries, Shropshire, UK), were maintaimned
black plastic tanks with recirculating water at°@Sand pH 7, and kept on a 12 h:12 h, light:
dark cycle. Approximately 25 fish were kept in eaahk and were fed daily on commercial
pelleted feed that lacked an immunostimulant adelit{Tetra GmbH, Germany). The
pronephros was removed from 5 carps (89.6 £ 12.4vkich had been sacrificed previously
by a lethal dose (~ 0.2% v/v) of 2-phenoxyethai®igiha). Blood was collected from the
caudal vein before dissection. The isolated proreptvas placed in modified RPMI medium
on ice, under sterile conditions and a cell suspensas prepared using a modification of the
procedure described by Kemenade et al. (1994).flgripronephros tissue was disrupted
gently through a sterile cell strainer with 10fh pore diameter (BD Falcon) in 1 ml of
modified RPMI medium that comprised RPMI supplereentvith 0.3 g* L-glutamine
(Sigma), 0.5% (v/v) sterile water, 0.05% (v/v) hewtctivated pooled carp serum, penicillin
(50 U/ml), and streptomycin (5gmi™) (Sigma); this modified medium referred to hereaft
as RPMI. A non-continuous Percoll gradient (Sigma) wasduseisolate leucocytes, which
were collected at the interphase between densit@® gmi* and 1.08 gmt, washed three
times with RPMTI and centrifuged at'@ (800 g; 10 min).

2.6 MTT cell proliferation assay

Potential toxic effects on cell proliferation of mashistered semisynthetic, sulphated
carbohydrates were determined utilising the tetramo salt, 3-4,5 dimethylthiazol-2,5
diphenyl tetrazolium bromide (MTT) assay and coredato other immunostimulants.
Briefly, a serial dilution of the test carbohydrgfe150 ugmli™) was prepared and added to
CLCs (2 x 10 cells in 100ul per well) in a 96 multiwell plate (Sarstedt). &gative control
comprising 5ul sterile water and positive controls comprisinguginl™ of MacroGar& and
zymosan were also included. After 24 h the MTT wssas performed by adding 10 per
well of the MTT solution (5 mg of MTT; Sigma) didgsed in 1 ml of PBS (Life
technologies). The plate was then incubated fora¢ B7 °C with 5% Cg the supernatant
discarded, the cells solubilised with 1@Dof dimethyl sulfoxide (Fisher) and the relative
levels of proliferation measured indirectly by sjpephotometry at a,,s of 540 nm (Ferrari
et al., 1990).

2.7 Trypan blue cell viable cell count assay

Trypan blue cell viability assays were conductedhwand without the addition of
semisynthetic, sulphated carbohydrate addition @hér relevant immunostimulants. CLC
lines (2 x 18cells in 1 ml of CLC RPM1 medium) were distributed in 24 wells plates and
stimulated by adding 15l per well of carbohydrate sample at 1, 2.5, 50) g§mi*. A
negative control comprising 18 per well of sterile water and a positive conttomprising
15 ul per well of MacroGardat a concentration of 50yml™* were also included. After 24 h
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incubation at 2T and 5% C@ the culture medium was aspirated, and the celished once
with pre-warmed CLC RPMImedium. Cells were then detached by adding258er well

of 0.25x Trypsin-EDTA (Sigma) for 1 min, washed iBé¢s with 500ul of CLC RPMI
medium, centrifuged at 75§ for 5 min at 19 + I and the supernatant discarded. The cell
pellet was re-suspended in 5QDof fresh CLC RPMI and viable cells were determined
using trypan blue solution (0.4% w/v).

2.8 Respiratory burst activity screen

The NBT assay was performed as described by Veran#z et al. (2013) to determine
respiratory burst activity. Briefly, CLCs were péatin CLC RPMI with the exception that
the RPMI medium used was free of phenol red (Sigiaell monolayer was formed at the
bottom of the flat 96 multiwell plate (Sarstedthish were incubated at 27C° in 5% gfor
2-3 h. The supernatants were discarded, the cedlshed with phenol red free Hank’s
balanced salt solution (HBSS) (Sigma) and 16®f CLC RPMI containing NBT at 1
mgml* (Sigma) was added to each well. The respiratorgthactivity was induced by adding
5 ul of increasing concentrations of test solutionstaming either MacroGafd(1-150ugml
1, zymozan (1-15@gml™), methyl hydroxyethyl cellulose (2.5-25@ml ™) or the sulphated
derivative of the latter (MHCS; 1-25@mi™). Poly(l:C) (100ugmi™) and LPS (5Qugml™)
were also assayed as non-carbohydrate controler Afcubation at 27°C in 5% GQthe
supernatants were decanted, the cells fixed wélcaoled methanol (10ad, 3 min) and the
plates left to air dry. The membranes of the phgtiocells were solubilised with 120l
KOH (2 M) and 140ul of DMSO added to solubilise the blue formazane Taduction of
NBT was measured spectrophotometricallj.gfof 620 nm.

2.9 Carbohydrate based modulation of immune-associategene expression

Pronephros cells prepared from 3 fish individualiyt x 1§ cells per well, in 2 ml were
cultured in 6 well plates (Sigma) and exposed tqu6®f either MacroGardl (50 pgmt),
LPS (50 ugmt), Poly(l:C) (100 ugmt) and MHCS (50, 150 pgi). Cells were
subsequently harvested after 6, 12 or 24 h incobatk 27C with 5% CQ, using 0.25x
Trypsin-EDTA solution, washed 3 times with pre-wadn PBS and collected by
centrifugation (800 g for 10 min af@).

RNA was extracted from cell pellets using an RNddasyQiagen) and cDNA formed
using the M-MLV RT kit (Invitrogen). Briefly, a miyre of 500 ng of RNA sample, i of
50 uM random hexamers, dl 10 mM dNTPs and 4.hl of DEPC water were heated at'65
for 5 min before immediate cooling on ice. Aftetbaef centrifugation, 4ul of 5X First-
Strand buffer, 2ul of 0.1 M DTT and 1ul of RNaseOUT™ recombinant ribonuclease
inhibitor (40 units/ul; Invitrogen) were added and mixed gently. The tom& was heated at
37C for 2 min and dul (200 units) of M-MLV RT enzyme added before mixithoroughly.
The reverse transcriptase reactions were carriedftar the samples were incubated att25
for 10 min followed by 50 min at 3Z, then enzymes were heat inactivated by incubation
70C for 15 min. Samples were diluted 1:10 (v/v) wilEPC treated water and stored at -20
°C.

Carp specific primers were used to determine thgression levels of I, TNFul,
TNFa2, INOS and IFN2 genes (Table 1); the ribosomal 40S gene was @aSed
housekeeping gene (Miest et al., 2012). The PCRioes were carried out in 96 well PCR
plates (Applied Biosystems, MicroAfip Briefly, 2 ul of cDNA were added to 1Qu
SensiFAST, (Bioline, BIO-92020), 0,8 of 10 uM forward and reverse primers respectively

7
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(reaction mixture final concentration equal to 49@) and made up to 20l with DEPC
treated water (Invitrogen). The PCR plate was deged (660 g, 4 min) (Boeco) prior to
analysis. A cycling procedure was carried out wvlithycle at 95°C for 2 min, 40 cycles at
95°C for 5 sec and 30 sec at 62°C. The meltingesiof the PCR products were determined
after each run between 60 and 95°C. TeCt method (Livak and Schmittgen, 2001) of
targeted genes were normalised against the refergeoe 40S, and the x-fold change
calculated relative to the control group for eaatetpoint.

2.10 Statistical analysis

Statistical analyses were carried out using Gragh®sm 5 and SPSS 21, with all data
presented as the mean * standard error. Data e&egltfor normality and equal distribution
of variance. A one-way analysis of variance (ANO\&Rd Tukey’s post-hoc test were
performed on the bioactivity data of MHCS with resyéo cell proliferation, viability and
ROS production. A two-way analysis of variance (AN&) and post-hoc Bonferroni’s
multiple comparisons test were used in the compamxperiments between semi-synthetic
sulphated carbohydrates and different immunostimslaGene expression data were
normalised using a Log10 transformation prior tava-way ANOVA prior to conducting
Bonferroni post-hoc test analyses. Significance aedmed ap < 0.05.
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3. Results
3.1 The effect of MHCS on cell viability & proliferation

The MTT cell proliferation assay demonstrated that MHCS was not cytotoxic to the
CLC line over the concentration range screenededdgat concentrations of 1 and ggnl™
MHCS promoted a significant increasp € 0.0011,p < 0.002, respectively) in cell
proliferation (Figure 1). The trypan blue exclusiassay confirmed this observation and
supported the significant increage<( 0.026) in cell growth after treatment to 21§ml™ of
MHCS (Figure 2).

3.2 MHCS induced respiratory burst activity

Statistical analysis revealed a clear trend andifstgnt increase in the respiratory burst
activity of CLC cells after treatment with MHCS (= 68.668, p < 0.0001). The
concentration dependency effect of MHCS increasguifecantly (p < 0.022) at 25, <
0.0001) 50, 75, 15Qgml™* and at the latter concentration, induced an irseréa respiratory
burst activity 4.5x greater than that of the colntsqul sterile water (Figure 3).

The respiratory burst activity in CLCs after treatthto methyl hydroxyethyl cellulose
and MHCS confirmed that the modification of the ysalccharide by chemical sulphation
conferred favourable bioactivity on the parentallenole (Figure 4). The levels of cell
respiratory burst activity were significantly depent upon the carbohydrate tyfpe< 26.24,

p < 0.0001) and their concentratiorts £ 38.23,p < 0.0001). The Bonferroni test revealed
significant differencesp( < 0.001) between the modified and precursor carbatgd at
concentrations between 25-2p@ml*, suggesting that the addition of sulphate moieties
affects the biological activity of the cellulosenet. MHCS promoted the respiratory burst
activity of CLC cells p < 0.0001) in comparison to the control. The restutther support
the data presented in Figure 3.

Experiments on the respiratory burst activity of CCline was extended to include
MacroGar® and zymosan in comparison with the MHCS at comeéinhs in the range of 1-
150 ugml™ for 24 h. The assay demonstrated that the typmdfohydrateR = 834.8,p <
0.0001), the concentratioft £ 211.4,p < 0.0001) and the interaction of these two factbrs (
= 172.3,p < 0.0001) significantly influence the reactive oxgggpecies induced in CLC cells
(Figure 5). The effect of MHCS was significant iongparison to MacroGafdand zymosan
at concentrations of 25, 50, 100 and 1&@nl™ (all atp < 0.0001). The chemically modified
carbohydrate MHCS, stimulated CLC respiratory badivity and presented a significant
increase at concentration5 pgml™ when compared against control (5 pl sterile wefesg
0.0001).

3.3 Pathogen associated molecular patterns (PAMPs) aidHCS in pronephric cells

In order to determine whether MHCS treatment ineedathe immune response of
pronephric cells under mock infection conditions tevel of reactive oxygen species (ROS)
and effect on cell viability were determined pastatment to LPS and Poly(l:C) (Figure 6
and 7). ROS production in cells was significantygaented § < 0.0001) at 50 and 150
ngmit of MHCS irrespective of LPS treatment, when coregao the control (5 pl sterile
water) (Figure 6 A). The treatment of pronephridiscavith MHCS did not perturb cell
viability at both concentrations either alone, ar dombination with LPS (Figure 6 B).
Treatment with MacroGafdat 50 and 15Qigmi* alone, or with LPS, did not affect the
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production of ROS. However, a significant decreemseell viability was observed, when
compared to control, for cells treated with MacrodSaat 50 pgml™* with LPS p < 0.0001),
MacroGard alone at 15Qugml™ (p = 0.024) and MacroGafdat 150ugml™ with LPS ¢ =
0.004). Significant differencesp(= 0.015) between MacroGégrldat 50 pgmi* and
MacroGard supplemented with LPS were also observed (FigiB 6

Treatment with Poly(I:C) induced a significant iease in ROS production along £
0.0002) and in combination with either MacroGaod MHCS f < 0.0001) when compared
to the control (5 ul sterile water) (Figure 7 A)hel production of ROS in response to
MacroGard treatment at 50 and 15@mi* had no effect, however when exposed with
Poly(l:C), the ROS levels increased and were Sicanitly different p = 0.005,p < 0.0001
respectively) to MacroGafdalone. Both MHCS alone, and in the presence of (PGly
induced highly significant increases in ROS proaturcin comparison to the controp K
0.0001; Figure 7 A). Interestingly, stimulation WiMHCS at both concentrations induced a
significant increase in ROS production of Poly(l:tt@ated cells when compared to their
respective concentrations of MHCS without Poly(la®d Poly(l:C) alone (Figure 7 A). The
MTT assay shows no significant differences in gebliferation, and hence viability in all
treatment groups in comparison to the relevantrob(figure 7 B).

3.4 Immune gene expression in pronephric cells

The expression levels of the inflammatory cytokities and TNFl were increased
significantly post treatment with MHCS (Figure 8).1p expression was up-regulated
significantly @ < 0.0001) after 6 h post treatment at both MHCS eantrations and
remained up-regulated after J2 € 0.01) and 24 hp(= 0.03) post treatment to MHCS at a
concentration of 150 pgfl While TNFul expression increased significantly after 6 h post
treatment with both MHCS at 50 pgh(p = 0.015) and 150 ugml(p = 0.0001). Only
MHCS at 150 pgmi affected the TNEL expression at 12 Ip & 0.012) and 24 hp(= 0.008)
post treatment. However, the expression of @aRlwas up-regulated significantly only at 6 h
post treatment with MHCS at 50 ugh(p = 0.046) and 150 pgmip < 0.0001).

MacroGard induced significant ILR expression after 6, 12 and 24 h post treatment (
0.031, 0.002, 0.021 respectively). Furthermoreeraporal response was observed in the
expression of TN&L and TNF2 at 6, 12 and 24 h post treatment with Macro&afthe up-
regulation was highly significant at all-time parfp < 0.0001) except for 6 h post treatment,
where the expression of only TME was significant ap = 0.002. In contrast, elevated
expression levels of I, post treatment with LPS, were only induced sigaiitly (p =
0.007) after 6 h post treatment. Furthermore, iIN©&ression levels were increased
significantly after 6 h treatment to MHCS, at comrations of 50 and 150 gl
respectively § = 0.019,p < 0.0001). LPS also induced significamg € 0.017) iNOS
expression at 6 h post treatment. In comparisorgrddar® induced a late significanp (<
0.0001) iINOS expression at 12 and 24 h post treg#tme

Poly(l:C) at 100ugml™ had no effect on either the inflammatory cytokisesdied nor
upon INOS expression (Figure 8). However, the esgom levels of IFM2 were up-
regulated significantly at all-time points studiafer treatment to Poly(l:C) at 1g@&ml™ (p
< 0.0001; Figure 8).
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4. Discussion

The results show that a modified carbohydrate pelysuch as MHCS can be generated
with important biological activates and immunostiatary effects in carp. Although, there
are several methods to induce glucan modificatisnfhation has the strongest effects on
biological function (Han et al., 2008). Previousidsés in other non-fish systems have
suggested that the sulphation process may altectibeical and biological properties of
glucans. For example, sulphat&dnjac glucomannaninduces a high anti-HIV activity in
the MT-4 cell line similar to the acquired immunefidiency syndrome (AIDS) drug (Bo et
al., 2013). In another investigation, the presesfca sulphate group on the lentinan structure
caused significant increases in antioxidant agti{fieng et al., 2010). Furthermore, rice bran
B-glucan that was subjected to sulphation had afgignt difference to the native oat glucan
in molecular weight, solubility, viscosity and eklted anticoagulant activity in rat blood
(Chang et al., 2006).

The immune system recognises immunostimulants by pinesence of pathogen
recognition receptors (PRRs) that are present erothier membrane of the immune cells.
This recognition leads to activation of the immwa#l and enhancement of their responses,
which usually comprises an increase in their bawtal activities, including the stimulation
of phagocytosis, leucocyte migration and the pradoof cytokines (e.g. IL-1, TN&), nitric
oxide (NO) and reactive oxygen species (Sakai, 1989mammals, phagocytosis, believed
to be the uptake mechanismfaglucan, leads to their antimicrobial activity hetinduction
of reactive oxygen, and nitrogen species prodoctad lytic enzymes in phagosomes
(Goodridge et al., 2009). Several characteristiagoleytosis receptors on carp macrophage,
including the complement receptor 3 (CR3), Scavemgreptors (SRs) and C-type lectin
receptor (CLR) superfamilies, and sensing receptach as TLR2 (Petit and Wiegertjes,
2016) have been recognised as detedtigtucan.

In addition, several studies have also highlightteel dose effects gi-glucans on cell
cytotoxicity/ viability, for example in an invesagon carried out on common carp, a
significant increase in apoptosis occurred whemgpbric cells were stimulated wif
glucans at concentrations 500mi™* and higher for 6 h incubation (Miest and Hoole] 20

The MHCS was able to trigger several bioactive ma@ms i.e. cell viability, increase
leucocyte number and respiratory burst activitytedestingly, MHCS promoted a rapid
increase in respiratory burst activity, which stdrat 25ugml™ concentrations and reached
more than four and half times higher than the @drat 150ugmi™. This linear dose/effect
relationship is unusual for an immunostimulant lsea often, the effect occurs at certain
intermediate concentrations and disappears, or eeeomes toxic at high concentrations
(Kum and Sekkin, 2011). This steep increase iniraspy burst activity did not cause
exhaustion to the immune cells as supported byitiglity and cell count assays. This was a
promising result, encouraging the debate whether rttodification (sulphation) was the
reason behind this biological effect. In a previsugly it was shown that the soluble form of
B (1-3)-glucan had some protective properties agjairiection in mice. The results of that
study showed an increase in neutrophils in bloodast, enhancement in bone marrow
proliferation andn vitro phagocytic activity tde. coli bacteria (Tzianabos, 2000).

The biological activities of modified carbohydrakéHCS were compared to the
native source (cellulose ether) and differgémflucans. Interestingly, cellulose ether, zymosan
and MacroGard had no significant effects on CLCs line respiratbryrst activity, while
MHCS induced a significant increase in comparisbadntrol and previous carbohydrates at
a concentration equal to and higher than @fnl'. These rapid responses to MHCS
carbohydrate by fish leucocytes might be due tbalaydrate-protein interactions. Sulphation
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provides polysaccharides negative charges at tiphate groups, which may be interacting
with positive peptide sequence of proteins (Chargy.e2006). This is in line with the many
biological activities, which have been shown in dm@p sulphation such as regulation of
cellular growth and proliferation, cell adhesiohpdal coagulation, cell surface binding of
proteins, viral invasion, and tumour metastasid@Ratein, 2002).

Glucan solubility not only depends on the degreeafmerisation and branching,
but also on chemical derivations including sulptrat{Chang et al., 2006). The degree of
substitution (DS) indicates the average numbeulghate groups attached to a glucose unit.
Sodium rhodizonate assay was used to determinB$hef the sulphated derivative MHCS
and was determined as 1.74 malg$ of disaccharides. This demonstrates that sulphatio
was sufficient to induce important biological adies without causing detrimental side-
effects e.g. cell death. When the degree of sulphasg high, there is an increased chance of
undesirable anticoagulant activities for modifiedrbohydrates, e.g. highly sulphated
carbohydrates such as dextran sulphate (degree ulghagion 5.25 molesy® of
disaccharides) has a high anticoagulant activityhiman blood (Yoshida et al., 1995).
Although the correlation between sulphation lewaid anticoagulant potential is complex it
should be noted that teleost fish coagulation sysie fundamentally similar to that of
mammals, in spite of the significant evolutionaigtance between these groups (Tavares-
Dias and Oliveira, 2009). However, blood coagulatime in fish is shorter in comparison to
mammalian and depend on fish species (Wolf, 195#lile, 1962, Smit and Schoonbee,
1988).

It is possible that MHCS may form the basis of avrmarbohydrate adjuvant in
vaccine production. Therefore, before applyinghMt¢CS toin vivo conditions, the effect of
MHCS under mimicked infection conditions using PAMBmunostimulants were
determined in carp pronephric cells. The resulteated that MHCS induced a significant
increase in respiratory burst activity regardlesshe LPS availability. LPS did not induce
respiratory burst activity in pronephric cells wherposed alone, and had no additional
effects on cells when exposed with MacroGand MHCS. This is despite the ability of LPS
to stimulate the non-specific and specific immuegponses in fish, and its recognitions by
toll-like receptor 2 and 4 (TLR2, TLR4) in immunells that induce a signalling cascade
leading to the activation of NkB and the production of proinflammatory cytokin&wgin
et al., 2008). However, responses to LPS can vepgmding upon its source (Bich Hang et
al., 2013), and its effects on macrophage respyaiarst activity appeared to be dose and
incubation time dependent (Solem et al., 1995). dkagt al. (2011) reported the high
variability of the external polysaccharide regidnL®S, and the differences in potency and
spectrum of action of the lipid A components in m&ram-negative bacteria. This might be
the explanation of the difference in the LPS effemt fish immunity, for example Watzke et
al. (2007) noted the low sensitivity of zebrafisimune cells to LPS fromascherichia colin
comparison td&Edwardsiella tarda In addition, LPS fromAeromonasydrophilastimulated
carp Cyprinus carpi9 immune responses and enhanced fish protectiomsiganother
aromonadAeromonashydrophila infection when exposed via intraperitoneal inj@atiand
bathing (Selvaraj et al., 2009).

Both MHCS and Poly(l:C) induced significant incregasof the respiratory burst
activity when exposed alone. Also, Poly(I:C) bodstke respiratory burst activity of both
MacroGar® and MHCS treated cells. This might be due to tifferént uptake pathways of
Poly(l:C), MacroGarfl and MHCS. It is well established that Poly(l:Chieh is used as a
synthetic viral dsSRNA analogue, induce IRF-3 (ifeéssn regulatory factor-3) activation via
the TLR3 (is an endosomal PRR of the innate imnyyirand the synthesis of interferon-
stimulated genes that restrict virus replicatiorafWyy et al., 2009). While the main receptors
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that are associated with glucans comprise C-typénleeceptor Dectin-1, complement
receptor 3 (CR3), scavenger receptors (SRs), gpidsl or Carbohydrate Binding Module
(CBM) (Legentil et al., 2015, Meena et al., 201Pply(l:C) recognition pathway was
observed in pronephric cells of carp, where onliy@€) induced significant up regulation
of IFNa2 expression. IFN-alpha is a type | IFN that hasaor role in the first line of
defence against viruses. In mammals, the type ldRtWiral effect is binding to the IFMA3-
receptor, which triggers the JAK-STAT signal tramstibn pathway resulting in expression
of Mx and other antiviral proteins (Robertsen, 200@e difference in Poly(l:C) and MHCS
uptake pathways might be the reason for the bapstirthe immune cells responses more
than when they are exposed alone.

MHCS induced the expression of pro-inflammatoryokytes (IL13, TNFal and
TNFa2), and inducible nitric oxide synthase (INOS) &bsiptreatment and the effect was
dose dependant. Interestingly, the effect of Maar>was time dependant and increased
with incubation time. MacroGafdtime dependency was also observed by Miest andeHoo
(2015)in vitro, where the pro-apoptotic effect was noted to tve tand dose dependent only
with concentrations of 500 pgmf' causing apoptosis in carp pronephric leucocytes.

The above information is evidence of the abilityMIHCS to be recognised by the
innate immune system through pattern recogniti@eptors (PRRs) including Dectin-f-(
glucan receptorpGR), mannose receptor, complement receptors CRBJiKereceptors 2
and 6 (TLRs-2/6), scavenger receptors and lactesyicide (Gantner et al., 2003, Herre et
al., 2004, Chan et al., 2009, Kim et al., 2011udahs binding to the above receptors led to
activation of several pathways and triggers sevematiection mechanisms i.e. phagocytosis,
induction of pathogen killing activity, productia inflammatory cytokines and chemokines,
and initiate the development of adaptive immuniGaltner et al., 2003)3-glucan is
involved in the enhancement of mononuclear celld aautrophil anti-microbial activity,
leading to improve macrophage activity and the ifaation of both monocytes and
macrophages, and the production of proinflammatorglecules such as complement
components, interleukin (IL)edB, TNF-, IL-2, interferon (IFN)y, IL-4 and IL-10 (Chan et
al., 2009, Kim et al., 2011, Li et al., 2013). @#fént glucans associated with different or
similar receptors on immune cells do not induceitl@une response equally. For example,
the scavenger receptors are non-opsonic recepiardiave low affinity to attach to anionic
B-glucans, which have been sulphated chemicallyriginate from natural sources (algae)
(Meena et al., 2012). While Dectin-1 receptor hasrbidentified as a major receptor for
glucans on mammalian leucocytes (Herre et al., ROD4e solubility and smaller molecule
size of MHCS might result in a rapid engulfment alydis by the immune cells in
comparison to MacroGard. The adjuvant size determitme ability and speed to diffuse
inside tissues and reach the target. At sizesthess40 nm, transmission is more rapid than
the large size adjuvant of 100 nm that occurs iggam@charides, which are transported from
the injection site by dendritic cells to the immuoans (Smith et al., 2013). The new
smaller size MHCS thus has potential to have areased immunostimulant affect in fish
when compared to the larger size carbohydrateshadme currently in use e.f-glucan. The
utilisation of this new carbohydrate in Bmvivo system is in progress.

5. General conclusion of the study

The present study contributes to the developmentthef use of carbohydrates as
immunostimulants in fish. This represents the fatsémpt to combine synthetic biochemical
approaches with carbohydrate design to producevel rmarbohydrate that modulates the
immune system at the cellular and molecular letleé MHCS exhibited a range of bioactive
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properties such as the non-cytotoxic effect, anobpetion ROS in immune cells. These
bioactivities were associated with the sulphateugrn this carbohydrate structure. Also,
there is the potential to use this modified carlashie as an adjuvant in vaccines as it was
able to increase the immune response in mimic fimiecconditions and up-regulate the
expression of inflammatory cytokines genes.

Therefore, the next step is to trial MHCS andiivo conditions and evaluate the adjuvant
potency in vaccines against important diseasegquaculture.
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Figure legends

Figure 1: CLC line viability exposed to serial dilution ofadified carbohydrates. Cells at
density (2 x 10cells per well) stimulated with zymosan = Z, Ma@esd® = M at 50 pgmit
and range of modified carbohydrates concentratibns150 pgnif for 24 h. Statistical
analyses were performed by one-way ANOMA < 0.05) and the significant differences
between treatments in comparison to control perdorwith *: p < 0.05, **: p < 0.01 and
***: p <0.001. Data represent mean = SEM of 6 well rep@ixa

Figure 2: CLC line count utilised by trypan blue viabilitggay. Cells were exposed to serial
dilution of modified carbohydrates MHCS (1-150 pginhnd MacroGard at 50 pgnif
concentration for 24 h. Statistic comparison wadopmed by one-way ANOVA and the
significant differences between treatments in caimpa to control performed with *p <
0.05. Data represent mean £ SEM of 3 well replEafe24 well plates.

Figure 3: Dose dependency effect of modified carbohydratesCoCs respiratory burst
level. Cell were seeded at (2 x*Xlls per well) and stimulated with zymosan apsonl* =

Z, MacroGar@ at 50 pgmil = M and range of modified carbohydrates at coreéipn
between 1-150 pgrilfor 24 h incubation. Statistical analysis one-W&§yOVA and Tukey’s
post hocanalysis were used and the differences betweeoeatrations in comparable to
control (non-treated cells) performed withp*< 0.05, **: p < 0.01 and ***:p < 0.0001. Data
represent mean + SEM of six well replicates.

Figure 4: CLCs dose responses to sulphated and non-sulphit€ts determined by NBT
assay. The cells were distributed at (2 ¥ g6lls per well) stimulated with a range of
cellulose ether and sulphated cellulose ether (MH&Sconcentrations between 2.5-250
pgmi* for 24 h. Statistic comparison was performed usimgrway ANOVA and Bonferroni
post hodest afp < 0.05 and the significant differences between coimagons in comparison

to control presented with ***p < 0.0001, also the comparison between the two treatisrat
each concentration presented whA: p < 0.0001. Data represented the mean + SEM of 6
well replicates.

Figure 5: Comparison of distincB-glucan sources and MHCS carbohydrate on CLCs
phagocytic activity. Cells phagocytic activity waseasured by NBT assay after cells were
distributed at (2 x 10cells per well) and simulated with either Macro@arzymosan or
MHCS at concentrations 1-150 pghfor 24 h. Statistical analysis was performed bp-tw
way ANOVA and Bonferronpost hoctest p < 0.05) and the significant differences between
MHCS concentrations in comparison to matched comeoformed with ***: p < 0.0001.
Data represent mean + SEM of 6 well replicates.

Figure 6: Respiratory burst productioPA) and viability @) in carp leucocytes after
treatment to LPS (50 pgi), MacroGar8 (50 or 150 pgmt) and MHCS (50 or 150 pgh)

both exposed individually and in combination witiP& Statistical analysis one-way
ANOVA and Tukey's post hoc analysis were used and the differences between
concentrations in comparable to control (non-téatells) and the LPS availability was
performed with N.S: not significant, p < 0.05, **: p < 0.01 and ***: p < 0.0001. Bars
represent the mean of 3 wells from 5 fish + SEM.
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Figure 7: Respiratory burst productiomA) and viability @) in carp leucocytes after
treatment to Poly(I:C) (100 ugi), MacroGard® (50 or 150 pgi)l and MHCS (50 or 150
ngmit) both exposed individually and in combination wRloly(l:C). Statistical analysis
one-way ANOVA and Tukey'gost hocanalysis were used and the differences between
concentrations in comparable to control (non-tr@atgls) and the Poly(1:C) availability was
performed with N.S = not significant, i < 0.05, **: p < 0.01 and ***:p < 0.0001. Bars
represent the mean of 3 wells from 5 fish + SEM.

Figure 8: Effect of different immunostimulant and exposuieng on immune gene
expression in carp pronephric leucocytes. Barsesgmt mean of relative expression
normalized to housekeeping gene 40s + SEM of thsbes. Two ways ANOVA followed
by Bonferronipost hocanalysis used to compare each treatment to thermatched control
* p<0.05; **: p<0.01 and ***:p < 0.001.
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833 Tables

834
835 Tablel: List of used gPCR primers

Gene bank
. Gene . .
Function Primers sequences accession References
name
numbers
House FW: 5 CCGTGGGTGACATCGTTACA 3 )
. 40S AB012087 (Huttenhuis et al., 200
keeping RV: 5 TCAGGACATTGAACCTCACTGTCT 3
Nitric oxide | . FW: 5 AACAGGTCTGAAAGGGAATCCA 3 )
. INOS AJ242906 |(Huttenhuis et al., 200
production RV: 5 CATTATCTCTCATGTCCAGAGTCTCTTCT 3
FW: 5 AAGGAGGCCAGTGGCTCTGT 3
IL1B AJ245635 (Falco et al., 2012)
RV: 5 CCTGAAGAAGAGGAGGCTGTCA 3
Ero- FW: 5 GAGCTTCACGAGGACTAATAGACAGT 3
inflammatory| TNFol AJ311800.2 (Falco etal., 2012)
; RV: 5 CTGCGGTAAGGGCAGCAATC 3
cytokines
FW: 5 CGGCACGAGGAGAAACCGAGC 3
TNFa2 AJ311801.2 (Falco etal., 2012)
RV: 5 CATCGTTGTGTCTGTTAGTAAGTTC 3
A”t"lzf'ra' IFNg2 | FW: 5 GATGAAGGTGCCATTTCCAAG AB376667 | (Adamek et al., 2014
cytokines RV: 5 CACTGTCGTTAGGTTCCATTGCTC3
836
837
838
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Supplementary Figure 1: Standard curve for dextran sulphate using thehsiép determination
assay, employing sodium rhodizonate, as descrilye@ieoho and Hartiala, Anal. Biochem. 1971,
41(2):471-6. y = 0.2637x — 0.0158° R0.9674.

The overall sulphation level for methyl hydroxydthgellulose sulphate was
determined by the method of Terho and Hartiala (ABaochem. 1971, 41(2):471-6).
Briefly, dextran sulphate, of a predetermined degrt sulphation, was hydrolysed in 1 M
HCI (100°C for 2 hours) prior to lyophilisation. &hdry product was reconstituted in sterile
water (1 mgnif) and serial dilutions performed (calibration cyrefore the addition of 0.1
M CH3CO.H, 50 uM BaC}, 0.8 mM NaHCQ@, 0.14 mM sodium rhodizonate and 3.4 mM L-
(+)-ascorbic acid. The solution was incubated fOrmin at 20°C (in darkness) to allow

colour to develop. The absorbance of the solutias ascertained at,= 520 nm. The assay
32



919  was repeated for methyl hydroxyethyl cellulose batp and the mass of sulphate per gram of
920 polysaccharide calculated from the dextran sulpbalibrant.
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947  Supplementary Figure 2:FTIR-ATR spectra for both the unsulphated (A) antphated (B)
948  methyl hydroxyethyl cellulose polysaccharides witttie 400-4000 cthspectral region.
94 First ((C) and (D)) and second derivative ((E) @Ry curves are shown, respectively.

o

33



950
951
952
953
954
955
956

Attenuated total reflectance FTIR spectra werenaambfor the MHCS carbohydrate
and the precursor using a Nicolet iS5 IR-TF (TheFfrsher) spectrometer scanning in the
4000-400 cm-1 region with a spectral resolutiof ofri* over 32 scans. A background air
spectrum was obtained and subtracted from all spe&l carbohydrate spectra were
recorded using ThermoFisher Omnics software. Bimgtsecond derivatives of all spectral
data for the precursor and modified polysacchanides plotted and overlaid using Prism
software (GraphPad Software, Inc.).
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